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CONTROL DEVICE FOR ELECTRIC WATER
PUMP

TECHNICAL FIELD

The present invention relates to a control device for an
clectric water pump that circulates cooling water of an
engine (an internal combustion engine) mounted on a
vehicle or similar.

BACKGROUND ART

In an engine mounted on a vehicle or similar, a water
jacket 1s disposed on an internal combustion engine (a
cylinder head and a cylinder block) as a coolant passage.
Cooling water (such as LLC: Long Life Coolant) 1s circu-
lated through a water jacket by a water pump to cool (warm
up) the entire engine.

The water pump of a cooling apparatus for this engine
employs a mechanical water pump that increases a discharge
amount corresponding to an engine speed. Nowadays, an
clectric water pump 1s also used.

In a cooling apparatus of an engine using an electric water
pump, the electric water pump 1s stopped in the case where
a water temperature 1s low, for example, during an engine
warm-up operation (at the engine start) so as to stop circu-
lation of the cooling water 1nside of the engine (inside of the
water jacket) (so as to stop the water 1n the engine cooling,
system). This accelerates the warm-up of the engine (for
example, see Patent Literature 1). In the control for stop of
water 1n the engine cooling system, for example, a tempera-
ture of the cooling water inside of the engine 1s detected or
estimated. The stop of water 1n the engine cooling system
ends before the water temperature of the cooling water
reaches an overheat temperature of the engine, so as to
transit to a water circulation state.

CITATION LIST
Patent Literature

Patent Literature 1: Japanese Unexamined Patent Appli-
cation Publication No. 2010-216386

Patent Literature 2: Japanese Unexamined Patent Appli-
cation Publication No. 2009-033823

SUMMARY OF INVENTION

Technical Problem

One problem of the control for the stop of water in the
engine cooling system 1s a heat shock and a reduction 1n fuel
elliciency (fuel consumption rate) that are caused by a cold
cooling water flowing through the engine during the transi-
tion from a water stop state to a water circulation state.
Simply providing an extremely low tlow rate state between
the water stop state and the water circulation state prevents
these. However, the extremely low flow rate cannot be
ensured by control of the conventional electric water pump.
This point will be described below.

First, the electric water pump employs, for example, a
three-phase DC motor. In the three-phase DC motor, only
one phase to be energized (for example, U-phase) 1s ener-
gized among the phases to be energized (a stator coil) of the
three phases (U-phase, V-phase, and W-phase) at the start of
motor driving such that the pole positions of the rotor are
aligned (N-pole of the rotor 1s attracted by energization of

10

15

20

25

30

35

40

45

50

55

60

65

2

U-phase). Energization of each phase to be energized 1s
sequentially switched from this state (to V-phase, W-phase,

U-phase, V-phase . . . 1n this order) such that the rotor
rotates. In this switching control for the energized phase, a
positional change of the rotor 1s detected based on an
clectromotive force (an induced voltage) generated at a
non-energized phase (a non-energized stator coil). A feed-
back control 1s performed such that a motor rotational speed
(a rotational speed of the rotor per unit time) obtained from
this detected value becomes a target value (a required
rotational speed).

In this control for the electric water pump, 1n the case
where a speed (a speed of a magnetic flux of the rotor to cut
the coil) of the rotor pole passing the non-energized phase
(the stator coil) 1s slow since the rotor rotates slowly, an
clectromotive force generated at the non-energized phase
becomes small. Theretore, the electromotive force 1s not
detectable and 1t cannot be determined whether or not the
rotor (the electric water pump) rotates as required. Accord-
ingly, the flow rate of the electric water pump cannot be set
to a flow rate lower than the minimum flow rate with the
detectable electromotive force. This does not allow control-
ling the electric water pump at an extremely low tlow rate.

The present invention has been made in view of the
above-described circumstances, and it 1s an object of the
present imnvention to provide a control device for an electric
water pump that allows a normal determination of a pump in
a low rotation range where an electromotive force generated
at a non-energized phase of an electric motor 1s not detect-

able.

Solutions to the Problems

The present mvention has a technical feature in that a
control device for an electric water pump used for circulat-
ing cooling water through a cooling system of an engine
includes a rotation determining unit. The rotation determin-
ing unit 1s configured to determine that the electric water
pump rotates as required 1n a case where one of a discharge
pressure of the electric water pump and a water temperature
of the cooling water repeatedly increases and decreases.

According to the present invention, for example, 1t 1s
determined whether or not a discharge pressure of the
clectric water pump or a water temperature of the cooling
water repeatedly increases and decreases in the case where
a circulation tlow rate of cooling water by the electric water
pump 1s equal to or less than a predetermined flow rate or in
the case where a pump duty ratio (an energization duty ratio)
1s equal to or less than a predetermined value. In the case
where an aflirmative determination 1s made as a determina-
tion result (1n the case where the discharge pressure or water
temperature repeatedly increases and decreases), 1t 1s deter-
mined that the electric water pump properly rotates as
required. On the other hand, 1n the case where the discharge
pressure of the electric water pump or the water temperature
of the cooling water does not repeatedly increase and
decrease, it 1s determined that the electric water pump does
not rotate.

Accordingly, the rotation determination using the dis-
charge pressure ol the electric water pump or the water
temperature of the cooling water allows a normal determi-
nation of the electric water pump 1 a low rotor rotation
range where the electromotive force generated at the non-
energized phase 1s not detectable. The reason will be
described below.

First, in the motor of the electric water pump, a time
interval to switch the energized phase has an iverse pro-
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portional relationship with a rotational speed of the rotor.
Setting a longer time 1nterval to switch the energized phase
reduces the rotor speed, that 1s, the pump rotational speed.

As described above, 1n an electric water pump that
includes a motor rotated by switching the energized phase,
in the case where the electric water pump actually rotates
corresponding to a rotation request, a phenomenon appears.
In this phenomenon, a pump discharge pressure repeatedly
increases and decreases. That 1s, a force to pull the rotor 1n
a rotation direction by switching the energized phase
becomes maximum at the time the energized phase 1s
switched, then decreases sequentially, and becomes maxi-
mum again at the time the next energized phase 1s switched.
This operation 1s repeated. Therefore, the pump discharge
pressure also increases and decreases repeatedly (see FIG.
5). On the other hand, 1n the case where the rotor does not
rotate despite recerving the drive request, hunting of the
pump discharge pressure does not occur.

It 1s diflicult to recognize the hunting of the pump
discharge pressure during the normal flow rate control (in
the case where the energized phase 1s switched at high
speed). However, the hunting of the pump discharge pres-
sure can be recognized by setting a sufliciently long time
interval to switch the energized phase. That 1s, a longer time
interval to switch the energized phase causes a longer
hunting cycle. Therefore, the hunting of the pump discharge
pressure 1s likely to be easily recognized. This allows
recognizing the hunting of the pump discharge pressure even
in the case where a time interval to switch the energized
phase 1s set sufliciently longer (a rotor speed 1s set sufli-
ciently smaller) than that during the normal flow rate con-
trol.

This allows recognizing existence of the hunting of the
discharge pressure even in the low rotor rotation range
where the electromotive force generated at the non-ener-
gized phase 1s not detectable. In the case where the hunting
of the discharge pressure occurs, 1t can be determined that
the electric water pump properly rotates as required. On the
other hand, 1n the case where the hunting of the discharge
pressure does not occur, it can be determined that the electric
water pump 1s abnormal.

Also use of a water temperature of the cooling water
allows a normal determination of the electric water pump 1n
the low rotor rotation range where the electromotive force
generated at the non-energized phase 1s not detectable. This
point will be described below.

First, in the above-described control for the stop of water
in the engine cooling system, when the electric water pump
1s driven 1n the water stop state, cold cooling water from the
outside of the engine tlows into cooling water at a high
temperature iside of the engine (inside of the water jacket).
At this time, 1n the case where the flow rate of the electric
water pump 1s an extremely low tlow rate, the hunting of the
pump discharge pressure causes variation in tlow rate of the
cooling water (the cold cooling water) flowing into the
engine. Thus, the water temperature nside of the engine
repeatedly falls (decreases) and rises (increases) (see FIG.
8). This hunting of the water temperature can also be
recognized by a similar reason to the case of the hunting of
the discharge pressure. Accordingly, also in this case, the
existence of the hunting of the water temperature 1s deter-
mined 1n the low rotor rotation range where the electromo-
tive force generated at the non-energized phase 1s not
detectable. This allows determining whether or not the
clectric water pump normally rotates as required.

As described above, the present mvention allows deter-
mimng whether or not the electric water pump normally
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rotates 1n the low rotor rotation range where the electromo-
tive force generated at the non-energized phase 1s not
detectable. This ensures the extremely low flow rate control
that 1s impossible by the conventional control. Accordingly,
in the control for the stop of water in the engine cooling
system, this allows providing an extremely low flow rate
state between the water stop state and the water circulation
state. As a result, this eflectively reduces heat shock during
the transition from the water stop state to the water circu-
lation state and maintains a large eflect 1in fuel efliciency.

Here, according to the present invention, rotation deter-
mination of the electric water pump may be performed 1n the
case where a circulation flow rate of cooling water by the
clectric water pump 1s equal to or less than a predetermined
flow rate (the mimimum flow rate controllable by the con-
ventional control). Energization of the electric water pump
1s controlled by duty control, and the rotation determination
of the electric water pump may be performed in the case
where a duty ratio of the duty control 1s equal to or less than
a predetermined value (the minimum duty ratio controllable
by the conventional control).

According to the present invention, the electric water
pump 1includes a rotor and a stator. The rotor includes an
impeller. The stator includes a plurality of phases of coils
disposed at a periphery of the rotor. The electric water pump
1s configured to rotate the rotor by switching the energized
phase in the coils of the stator. A time 1nterval to switch the
energized phase 1s set longer than a time interval during a
normal control (during a tlow rate control at a flow rate equal
to or more than a flow rate where the electromotive force
generated at the non-energized phase 1s detectable) and then
the rotation determination of the electric water pump 1s
performed. More specifically, the time interval to switch the
energized phase 1s set longer to an extent that a phenomenon
occurs. The phenomenon 1s that one of a discharge pressure
of the electric water pump and a water temperature of the
cooling water repeatedly increases and decreases in the
phenomenon. Subsequently, the rotation determination of
the electric water pump 1s performed.

Advantageous Effects of Invention

The present invention allows a normal determination of
the electric water pump 1n a lower rotation range than the
minimum rotational speed where the electromotive force
generated at the non-energized phase by the rotor rotation 1s
detectable. This ensures the extremely low tlow rate control.
This provides the extremely low flow rate state between the
water stop state and the water circulation state in the control
for the stop of water in the engine cooling system.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 1s a schematic configuration diagram illustrating an
exemplary cooling apparatus for an engine.

FIG. 2 1s a vertical cross-sectional view illustrating an
exemplary electric water pump to which the present inven-
tion 1s applied.

FIGS. 3(a) to 3(¢) are diagrams each illustrating a flow
(including a stop state of the cooling system) of cooling
water 1n the cooling apparatus of FIG. 1.

FIGS. 4(a) and 4(b) are conceptual diagrams each 1llus-
trating an exemplary arrangement ol a rotor and stators
(phases to be energized) 1n an electric motor.

FIG. 5 1s a timing chart illustrating an exemplary drive
control for the electric water pump of the present invention.
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FIG. 6 1s a graph illustrating a region of an extremely low
flow rate achieved by the drive control for the electric water

pump of the present invention.

FIG. 7 1s a flowchart illustrating an exemplary drive
control for the electric water pump performed by an ECU.

FIG. 8 1s a graph illustrating a change of a water tem-
perature from an engine start.

FIG. 9 1s a timing chart illustrating an exemplary drive
control for a conventional electric water pump.

FIG. 10 1s a graph 1llustrating the minimum flow rate in
the drive control for the conventional electric water pump.

DESCRIPTION OF EMBODIMENTS

Hereinatter, a description will be given of an embodiment
of the present invention by referring to the accompanying
drawings.

First, a description will be given of a cooling apparatus
that includes an electric water pump to which the present
invention 1s applied by referring to FIG. 1.

The cooling apparatus 1n this example 1s a cooling appa-
ratus for an engine mounted on a hybrid vehicle for example.
This cooling apparatus includes an electric water pump
(electric W/P) 100, a heater core 2, a radiator 3, a thermostat
('1/S) 4, a cooling water circulation passage 200 for circu-
lating cooling water through these instruments, and similar
member.

The cooling water circulation passage 200 includes a
radiator circulating system passage 201 and a heater circu-
lating system passage 202. The radiator circulating system
passage 201 circulates cooling water (LLC) through an
engine 1 (a water jacket 13), the radiator 3, and the ther-
mostat 4. The heater circulating system passage 202 circu-
lates cooling water through the engine 1 (the water jacket
13), the heater core 2, and the thermostat 4. In this example,
one electric water pump 100 1s used 1n both the cooling
water circulation of the radiator circulating system passage
201 and the cooling water circulation of the heater circulat-
ing system passage 202.

The engine 1 1s, for example, a gasoline engine or a diesel
engine mounted on a hybrid vehicle, and includes a cylinder
block 11 and a cylinder head 12. The water jacket 13 1s
formed 1nside of the cylinder block 11 and the cylinder head
12. The engine 1 also includes a water temperature sensor 5
for detecting a water temperature of a cooling water outlet
(a water jacket outlet) 135.

The electric water pump 100 1s disposed at a cooling
water inlet 13a side of the engine 1. The electric water pump
100 1ncludes a discharge port 1015 coupled to the cooling
water inlet 13a of the water jacket 13 of the engine 1. The
cooling water outlet 135 of the water jacket 13 1s coupled to
both a cooling water 1nlet 2a of the heater core 2 and a
cooling water inlet 3a of the radiator 3 through a head outlet
passage 20056. The electric water pump 100 will be described
in detail later.

The heater core 2 includes a cooling water outlet 25
coupled to a cooling water inlet 4a of the thermostat 4
through a heater outlet passage 2025. The radiator 3 includes
a cooling water outlet 36 coupled to a cooling water 1nlet 456
of the thermostat 4 through a radiator outlet passage 2015.
The thermostat 4 includes a cooling water outlet 4¢ coupled
to a suction port 101la of the electric water pump 100
through a thermo outlet passage 200c¢. At a discharge side of
the electric water pump 100, a pressure sensor 6 for detect-
ing a discharge pressure of the electric water pump 100 1s
disposed. When hunting of discharge pressure described
later occurs, this pressure sensor 6 can detect the hunting of
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discharge pressure. A position to dispose the pressure sensor
6 1s not specifically limited. Any position may be possible
insofar as the discharge pressure of the electric water pump
100 can be detected. For example, the position may be at the
cooling water outlet 1356 side of the water jacket 13.

The thermostat 4 1s a publicly known temperature sensi-
tive switching valve that 1s commonly used 1n this type of
cooling apparatus, and has the followmg structure. The
thermostat 4 1n a closed state closes ofl the passage between
the cooling water 1nlet 46 (a coupling port of the radiator 3)
and the cooling water outlet 4¢. The thermostat 4 1n an open
state couples the cooling water inlet 456 and the cooling water
outlet 4¢ together.

Specifically, the thermostat 4 1s a valve device that
includes a temperature-sensing portion, which changes a
position of a valve body, and 1s actuated by expansion and
contraction of a thermowax 1n the temperature-sensing por-
tion. In the case where a water temperature of the coohng
water 1s comparatively low, the thermostat 4 closes ofl a
coolant passage between the radiator 3 and the electric water
pump 100 (closes ofl a passage between the cooling water
inlet 456 and the cooling water outlet 4¢) so as not to allow
the cooling water to flow into the radiator 3. On the other
hand, after warming-up of the engine 1 1s completed, that 1s,
in the case where a temperature of the cooling water 1s
comparatively high, the thermostat 4 opens (the cooling
water inlet 46 communicates with the cooling water outlet
d¢) corresponding to the water temperature so as to allow the
cooling water to partially flows into the radiator 3.

The cooling water inlet 4a (a coupling port of the heater
core 2) of the thermostat 4 1s always 1n communication with
the cooling water outlet 4¢. The cooling water flowing from
the cooling water 1nlet 4a toward the cooling water outlet 4¢
1s brought 1nto contact with the temperature-sensing portion.

The heater circulating system passage 202 i1s coupled to
the heater core 2. The cooling water discharged from the
clectric water pump 100 circulates through “the water jacket
13 of the engine 1, the heater core 2, the thermostat 4, and
the electric water pump 100 1n this order. The heater core
2 1s a heat exchanger for heating the mside of a passenger
compartment using heat of the cooling water, and disposed
facing a flow duct of an air conditioner. That 1s, during
heating the inside of the passenger compartment (while the
heater 1s ON), conditioned air that flows through the flow
duct passes the heater core 2. Thus, the air 1s supplied to the
inside of the passenger compartment as hot air. In another
case (for example, during cooling) (while the heater 1s OFF),
conditioned air bypasses the heater core 2.

—Flectric Water Pump—

Next, the electric water pump 100 will be described by
referring to FIG. 2.

The electric water pump 100 1n this example 1s a cen-
trifugal pump that includes a pump case 101, which consti-
tutes a pump body, a support shaft 102, an impeller 103, a
rotor shaft 104, an electric motor 105, and similar member.
The impeller 103 feeds the cooling water under pressure.
The electric motor 105 includes a rotor 151 and a stator 152.

In the pump case 101, a swirl chamber 111, a rotor
housing portion 112, a stator housing portion 113, a control
device housing portion 114, and similar portion are formed.
The rotor housing portion 112 partially communicates with
the swirl chamber 111. Loading the cooling water into the
clectric water pump 100 allows the cooling water to tlow
into the rotor housing portion 112. Here, a heat radiating fin
101¢ 1s formed on a back side of the pump case 101.

The pump case 101 includes the suction port 101a 1n
communication with the swirl chamber 111. The cooling
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water tflows into the swirl chamber 111 through this the
suction port 101a. The cooling water that has tlown into the
swirl chamber 111 receives pressure from the impeller 103
described later, and 1s fed under pressure to the water jacket
13 of the engine 1 through the discharge port 1015 (see FIG.
1) of the pump case 101.

The support shaft 102 1s disposed 1nside of the pump case
101 along the rotational center of the pump (the rotational
center of the impeller 103). The support shatt 102 includes
one end portion (a distal end portion) 102a supported by a
supporting member 115. The supporting member 1135 1s
integrally formed with the pump case 101. The support shatt
102 includes the other end portion (a rear end portion) 1025
press-fitted into a bush 116 that engages the pump case 101.
The support shaft 102 1s secured to the pump case 101 so as
not to rotate when the electric water pump 100 1s driven.

The impeller 103 1s housed 1n the swirl chamber 111 of the
pump case 101. The impeller 103 1s mtegrally formed with
one end (a distal end) of the rotor shait 104. The rotor shaft
104 15 a cylindrical-shaped member, and rotatably supported
by the support shait 102. The following configuration 1s also
possible. The impeller 103 and the rotor shait 104 are
provided as separate components. The impeller 103 1s
fixedly secured to the distal end of the rotor shait 104.

The rotor shait 104 1s integrated with the rotor 151, which
constitutes the electric motor 105. The rotor 151 includes,
for example, a rotor core 151aq and a permanent magnet
(IPM: Interior Permanent Magnet) 151b. The rotor core
151a mncludes a plurality of laminated electromagnetic steel
plates. The permanent magnet 1515 1s buried 1n the rotor
core 151a. The stator 152, which constitutes the electric
motor 105, includes a stator core 1524 and coils 1524 of
phases to be energized. The stator core 152a includes a
plurality of laminated electromagnetic steel plates. The coils
1526 has three phases (U-phase, V-phase, and W-phase)
wound around an outer circumierence of the stator core
152a. The electric motor 105, which includes the stator 152
and the rotor 151, will be described later 1n detail.

The control device housing portion 114 of the pump case
101 houses an LLC module, a control board 107, and similar
member. The LC module includes, for example, a capacitor
and an inductor (a reactor) 106.

In the electric water pump 100 with the above-described
structure, energization to each coil 15256 of the stator 152 (a
switching control of the energized phase) 1s controlled to
rotate the rotor 151 and the rotor shaft 104. The impeller 103
rotates 1n association with this rotation. With this rotation of
the impeller 103, the cooling water 1s suctioned from the
suction port 101a of the pump case 101 and tflows into the
swirl chamber 111. The cooling water that has tlown 1nto the
swirl chamber 111 receives pressure from the impeller 103,
and 1s fed under pressure from the discharge port 1015 (see
FIG. 1) to the cooling water inlet 13a of the engine 1. The
drive control of the electric water pump 100 will be
described later.

—ECU—

Next, an electronic control unit (ECU) 300 will be
described.

The ECU 300 includes a central processing unit (CPU), a
read only memory (ROM), a random access memory
(RAM), a backup RAM, and similar member.

The ROM stores, for example, various control programs
and maps referenced when the various control programs are
executed. The CPU executes the various control programs
stored 1n the ROM and arithmetic processes based on the
maps. The RAM i1s a memory that temporarily stores results
of the arithmetic operations 1n the CPU, data mput from
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respective sensors, and similar data. The backup RAM 1s a
non-volatile memory that stores data to be saved and similar
data when the engine 1 1s stopped.

The ECU 300 1s coupled to various sensors for detecting,
an operating state of the engine 1. The various sensors
include the water temperature sensor 5, an air flow meter for
detecting an air intake amount, an intake air temperature
sensor, an engine speed sensor (not shown), and similar
sensor. The ECU 300 1s coupled to the pressure sensor 6 for
detecting a discharge pressure of the electric water pump
100.

The ECU 300 performs various controls for the engine 1
based on respective output signals of the various sensors for
detecting the engine operating state. The various controls
include an intake air amount control (a throttle valve posi-
tion control) for the engine 1, a fuel injection amount control
(a switching control for an 1njector), and similar control. The
ECU 300 performs a drive control for an electric water pump
100.

The program executed by the above-described ECU 300
achieves the control device for the electric water pump of the
present 1nvention.

—Description of Operation of Cooling Apparatus—

Next, a tlow of the cooling water of the cooling apparatus
illustrated in FIG. 1 will be described by referring to FI1G. 1
and FIGS. 3(a) to 3(¢). In FIGS. 3(a) to 3(c¢), passages
through which the cooling water flows and a tlow direction
of the cooling water are 1llustrated by solid lines with arrows
while passages through which the cooling water does not
flow are 1llustrated by dashed lines.

First, at low temperature (for example, at the time of cold
start), the cooling water has a low water temperature. Thus,
the thermostat 4 1s 1n the closed state. In this example, 1n
order to accelerate warming-up ol the engine 1 at low
temperature, the electric water pump 100 1s stopped so as to
stop circulation of the cooling water inside of the engine 1
(1inside of the water jacket 13) (at the stop of water 1n the
engine cooling system: 1n a state of FIG. 3(a)).

During this control for the stop of water 1n the engine
cooling system, the ECU 300 monitors the water tempera-
ture of the cooling water 1nside of the engine 1 based on an
output signal of the water temperature sensor 5. At the time
the water temperature increases to a determination water
temperature (a water temperature considering an overheat
temperature of the engine 1) thwl described later, the ECU
300 dnives the electric water pump 100 such that the state
transitions to a water circulation state. At this time, the state
does not transition directly from the water stop state by
stopping the electric water pump 100 to a water circulation
state by a normal flow rate control for the electric water
pump 100. An extremely low flow rate control described
later 1s performed between the water stop state and the water
circulation state. Performing the extremely low flow rate
control circulates a slight amount of the cooling water
through the heater circulating system passage 202. After
performing this extremely low flow rate control for a pre-
determined time, the state 1s switched to the water circula-
tion state (a state of FIG. 3(b)) by the normal flow rate
control.

The water temperature of the cooling water increases
inside of the heater circulating system passage 202 as time
goes on. Subsequently, the water temperature of the cooling
water becomes equal to or more than a predetermined
temperature (equal to or more than an opening temperature
of the thermostat 4) around the temperature-sensing portion
of the thermostat 4. At this time, the thermostat 4 opens.
Opening of the thermostat 4 allows the cooling water to
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partially flow into the radiator 3 as illustrated in FIG. 3(c).
The heat recovered by the cooling water 1s dissipated nto
the atmosphere from the radiator 3.

—Drive Control of Electric Water Pump—

First, the electric motor 105 of the electric water pump
100 will be described. The electric motor 105 m this
example 1s a three-phase four-pole brushless motor with a
sensorless drive system. As illustrated in FIGS. 4(a) and
4(b), the electric motor 105 includes the four-pole rotor (a
magnet rotor) 151 and the stator 152. The stator 152 includes
coils 1525, which are the phases to be energized of the three
phases (U-phase, V-phase, and W-phase) arranged at the
periphery of the rotor 151.

In this three-phase four-pole electric motor 105, as 1llus-
trated 1n FIG. 4(a), only one phase to be energized (for
example, the coil 1525 of U-phase) 1s energized among the
three phases to be energized (the coils 1525 of the stator 152)
at the start of motor driving such that the poles of the rotor
151 are aligned (the position of the rotor pole (N-pole) of the
rotor 1s detected). Energization of each phase to be energized
(each coil 1525b) 1s sequentially switched from this state (to
V-phase, W-phase, U-phase, V-phase . . . 1n this order) such
that the rotor 151 rotates.

In this switching control for the energized phase, an
clectromotive force (an induced voltage) generated at a
non-energized phase (the non-energized coil 1525) 1s used to
detect a positional change of the rotor 151. A feedback
control 1s performed such that a motor rotational speed (a
rotational speed of the rotor 151 per unit time) obtained from
this detected value becomes a target value (a required
rotational speed). This feedback control 1s performed only
during the normal flow rate control but 1s not performed
during the extremely low flow rate control described later.

Furthermore, the electric motor 1035 in this example can
change the time interval to switch energization of the three
phases (U-phase, V-phase, and W-phase) of the phases to be
energized (the coils 1525). The energization for respective
phases to be energized (the coils 1525) 1s controlled by duty
control. Also, an energization duty ratio for each energized
phase can be changed within a range from O to 100%.

The ECU 300 performs these drive controls (controls for
the time interval to switch the energized phase, the energi-
zation duty ratio for each energized phase, and similar
parameter) of the electric motor 105 (the electric water
pump 100).

—Extremely Low Flow Rate Control—

Next, the extremely low flow rate control for the electric
water pump 100 will be described.

As described above, 1n the control for the stop of water 1n
the engine cooling system, in the case where the electric
water pump 100 1s driven by the normal flow rate control at
the transition from the water stop state to the water circu-
lation state, the cooling water at low temperature flows into
the engine 1 (into the water jacket 13). This rapidly reduces
the water temperature inside of the engine 1 (see dashed
lines 1n FIG. 8). This causes heat shock and reduction 1n tuel
elliciency. Simply providing an extremely low tlow rate state
between the water stop state and the water circulation state
solves these problems. However, with the conventional
control, the extremely low flow rate control for the electric
water pump 100 cannot be performed for the following
reason.

First, also 1n the conventional control, as illustrated 1n
FIG. 4(a) and FIG. 9, only one phase to be energized (for
example, U-phase) 1s energized among the three phases to be
energized (coils) at the start of motor driving such that the
pole positions of the rotor 151 are aligned (the pole positions
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of the rotor 1s detected). Energization of each phase to be
energized (each coil) 1s sequentially switched from this state
(to V-phase, W-phase, U-phase, V-phase . . . 1n this order)
such that the rotor 151 rotates. In this switching control for
the energized phase, an electromotive force generated at a
non-energized phase (the non-energized coil 152b) 1s
detected to determine whether or not the rotor 151 (the
clectric water pump) rotates as required.

However, 1n this conventional control, in the case where
a speed (a speed of a magnetic flux of the rotor 151 to cut
the coi1l 152b) of the rotor pole (N-pole or S-pole) passing
the non-energized phase (the coil 15256) 1s slow since the
rotor 151 rotates slowly, an electromotive force generated at
the non-energized phase becomes small. Therelore, the rotor
rotation (the motor rotation) cannot be accurately detected.
Specifically, as illustrated 1n FIG. 9, 1n the case where the
rotor speed 1s lower than the minimum detection electro-
motive force Vmin, the rotor speed cannot be accurately
detected. Theretfore, 1t cannot be determined whether or not
the rotor 151 (the electric water pump) rotates at the required
rotational speed. Thus, a pump flow rate of the electric water
pump cannot be set to a smaller tlow rate than the minimum
flow rate A (for example, 10 L/min) equivalent to the
detectable minimum electromotive force Vmin (see FIG.
10).

To solve this point, 1n this embodiment, the discharge
pressure of the electric water pump 100 1s used to perform
rotation determination for the electric water pump 100. This
allows normal determination of the electric water pump 100
in a low rotor rotation range where the electromotive force
generated at the non-energized phase 1s not detectable. The
specific determination control will be described by referring
to FIGS. 4(a) and 4(b) to FIG. 6.

First, as 1llustrated in FIG. 4(a) and FIG. 5, only one phase
to be energized (for example, the coil 1526 of U-phase) 1s
energized among the three phases to be energized (the coils
1525 of the stator 152) at the start of motor driving such that
the pole positions of the rotor 151 are aligned (the pole
positions of the rotor are detected). The rotor 151 1s rotated
by switching the energized phase from this state (FIG. 4(a),
FIG. 4(b) . . . in this order). In this embodiment, a time
interval Tint (see FIG. 5) to switch the energized phase 1s set
suiliciently larger (for example, 1 sec) than that during the
normal flow rate control (for example, on the order of msec)
so as to rotate the rotor 151 (the electric water pump 100) at
an extremely low rotational speed. This achieves circulation
of the cooling water at an extremely low tlow rate.

Here, 1n the electric water pump 100 that includes the
clectric motor 105 rotated by switching the energized phase,
in the case where the electric water pump 100 actually
rotates corresponding to a rotation request as described
above, there appears a phenomenon where a pump discharge
pressure repeatedly increases and decreases (hunting of the
discharge pressure). On the other hand, 1n the case where the
rotor 151 (the pump) does not rotate despite receiving the
drive request, hunting of the discharge pressure does not
OCCUL.

Regarding the hunting of the discharge pressure, a hunting,
cycle becomes longer as the time interval Tint to switch the
energized phase becomes larger. Therefore, hunting of the
pump discharge pressure 1s likely to be easily recogmzed.
This allows recognizing the hunting of the discharge pres-
sure even 1n the case where the time interval Tint to switch
the energized phase 1s set sutliciently longer (the rotor speed
1s set sulliciently lower) than that during the normal flow rate
control. This allows recognizing existence of the hunting of
the discharge pressure even 1 an extremely low rotor




US 9,695,827 B2

11

rotation range where the electromotive force generated at the
non-energized phase of the electric motor 105 becomes
equal to or less than the detectable minimum electromotive
force (the minimum electromotive force generated at the
non-energized phase) Vmin as illustrated 1n FIG. 5. In the
case where the hunting of the discharge pressure occurs, i1t
can be determined that the electric water pump 100 properly
rotates as required. On the other hand, 1n the case where the
hunting of the discharge pressure does not occur, the electric
water pump 100 can be determined to be abnormal.

Accordingly, in this embodiment, it can be determined
whether or not the electric water pump 100 normally rotates
as required 1n the low rotor rotation range (a rotor rotation
range equal to or less than the minimum duty ratio (for
example, 40%) controllable by the conventional control)
where the electromotive force generated at the non-ener-
gized phase 1s not detectable. As illustrated 1n FIG. 6, this
allows the cooling water to circulate at an extremely low
flow rate B ({or example, 2 L/min) that 1s lower than the
mimmum flow rate A (for example, 10 L/min) controllable
by the conventional control.

—Control Example (1) for Electric Water Pump—

Next, an exemplary drive control for the electric water
pump 100 will be described by referring to a flowchart of
FIG. 7. This control routine of FIG. 7 1s executed by the
ECU 300.

The control routine 1llustrated 1n FIG. 7 starts at the time
an engine start request was made. When the control routine
of FIG. 7 starts, first, in step ST101, 1t 1s determined whether
or not the engine 1 starts based on an output signal of the
engine speed sensor. At the time the engine 1 starts (at the
time an aflirmative determination (YES) 1s made 1n step
ST101), the process proceeds to step ST102.

In step ST102, 1t 1s determined whether or not a tempera-
ture 1s low based on an output signal of the water tempera-
ture sensor 3. In the case where a negative determination
(NO) 1s made as a determination result, the process 1s
terminated. In the case where an afhirmative determination
(YES) 1s made as a determination result 1n step ST102, the
process proceeds to step ST103. In this step ST102, 1t 1s
determined “‘the temperature 1s low™ in the case where a
water temperature of the cooling water obtained from the
output signal of the water temperature sensor 5 1s equal to or
less than a predetermined value (for example, 70° C.).

In step ST103, the stop state of the electric water pump
(the electric W/P) 100 1s maintained. Subsequently, 1n step
ST104, 1t 1s determined whether or not the current water
temperature of the cooling water 1s equal to or more than the
predetermined determination temperature thwl. The current
water temperature of the cooling water 1s obtained from the
output signal of the water temperature sensor 5.

In the case where a negative determination (NO) 1s made
as a determination result i step ST104 (in the case where
the water temperature<thwl), the electric water pump 100
maintains the stop state. As time goes on since the engine
starts, the water temperature of the cooling water increases
inside of the engine 1 (inside of the water jacket 13). At the
time the water temperature (recognized based on the output
signal of the water temperature sensor 3) reaches the deter-
mination temperature thwl (at the time the water tempera-
ture=thwl 1s satisfied and an aflirmative determination
(YES) 1s made 1n step ST104), the process proceeds to step
ST10S.

The period until the aflirmative determination (YES) 1s
made 1n step ST104 as described above, that is, the period
until the water temperature reaches the determination tem-
perature thwl from the start of the engine 1s a period for the
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stop of water in the cooling system where the electric water
pump 100 1s stop not to circulate the cooling water in the
engine 1.

Here, the determination temperature thwl used for the
determination process in step ST1104 1s set to an appropriate
value by an experiment, a simulation, and similar method
considering the overheat temperature of the engine 1. In this
example, the determination temperature thwl 1s set to, for
example, 80° C. The determination temperature thwl may
be set to a value other than “80° C.”.

The current water temperature used for the determination
in step ST104 may employ an estimated water temperature
(an estimated water temperature of the cooling water inside
of the cylinder block 11 or the cylinder head 12) estimated
based on a water temperature of the cooling water at the start
of the engine, an integrated value of the air intake amount
from the start of the engine, and similar parameter.

In step ST105, the electric water pump 100 1s driven by
the extremely low flow rate control. Specifically, as 1illus-
trated 1 FI1G. 4(a), first, only one phase to be energized (for
example, U-phase) 1s energized among the phases to be
energized (the coils 152b6) of the three phases (U-phase,
V-phase, and W-phase) to detect the pole positions of the
rotor. In this state, the energized phase 1s switched to rotate
the rotor 151 (the electric water pump 100). At this time, as
described above, the time interval to switch the energized
phase 1s set sulliciently long (for example, 1 sec) such that
the rotor 151 (the electric water pump 100) rotates at an
extremely low rotational speed. When this extremely low
flow rate control 1n step ST105 1s performed, the ECU 300
starts measuring an elapsed time At from the start of the
extremely low flow rate control. In the extremely low flow
rate control, the energization duty ratio for each phase 1s set
to a constant value ({or example, a value equal to or less than
40%).

In step ST106, 1t 1s determined whether or not the hunting
of the discharge pressure occurs as illustrated in FIG. 5
based on the output signal of the pressure sensor 6. In the
case where an athrmative determination (YES) 1s made as a
determination result 1n step ST106, 1t 1s determined that the
clectric water pump 100 rotates normally as required (a
normal determination in step ST107), and the process pro-
ceeds to step ST108. On the other hand, 1n the case where
a negative determination (NO) 1s made as a determination
result 1n step ST106 (in the case where the hunting of the
discharge pressure does not occur), the process 1s termi-
nated. In the case where the hunting of the discharge
pressure does not occur, 1t 1s determined that the electric
water pump 100 1s abnormal. For example, a malfunction
indicator lamp (MIL) 1s turned on to urge the user to have,
for example, the vehicle checked and repaired by a dealer or
similar.

In step ST108, it 1s determined whether or not the elapsed
time At from the start of the extremely low flow rate control
becomes larger than a predetermined determination value
timel. For example, this determination value timel 1s set
considering the time until the cooling water inside of the
engine 1 (inside of the water jacket 13) and the cooling water
inside of a piping system (including the heater core 2 and
similar member) of the cooling water circulation passage
200 are mixed by the extremely low flow rate control to have
similar water temperatures (or within a range of an allow-
able temperature diflerence).

In the case where a negative determination (NO) 1s made
as a determination result in step ST108 (1n the case where
At<timel 1s satisfied), the extremely low flow rate control of
the electric water pump 100 continues. At the time the
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clapsed time At from the start of the extremely low flow rate
control reaches the determination value timel (at the time
Atz=timel 1s satisfied and an afhirmative determination (YES)
1s made 1n step ST108), the process proceeds to step ST109.
In step ST109, the control of the electric water pump 100 1s
switched from the extremely low flow rate control to the
normal flow rate control (switched to the water circulation
state).

The normal flow rate control performed 1n step ST109 1s
the following control for example. This control refers to a
map (a map during a normal control) based on an operating,
state of the engine 1 to obtain a required tlow rate. Based on
the required flow rate, the rotational speed of the electric
water pump 100 1s set.

As described above, the control 1n this example can
determine whether or not the electric water pump 100
normally rotates 1n the low rotor rotation range where the
clectromotive force generated at the non-energized phase 1s
not detectable. This ensures the extremely low flow rate
control that 1s impossible by the conventional control.
Accordingly, the control for the stop of water in the engine
cooling system can provide the extremely low tlow rate state
between the water stop state and the water circulation state.
As a result, this eflectively reduces heat shock during the
transition from the water stop state to the water circulation
state and maintains a large eflect in fuel efliciency.
—Control Example (2) for Electric Water Pump—

Next, another example of the drive control for the electric
water pump 100 will be described by referring to FIG. 8.

Also 1n this example, 1n the case where the engine starts
at a low temperature, the electric water pump 100 1s stopped
in the water stop state (see FIG. 8). In thus water stop state,
a water temperature of the cooling water increases inside of
the engine 1 (inside of the water jacket 13) as time goes on.
At the time the water temperature (recognized based on the
output signal of the water temperature sensor 5) reaches the
determination temperature thwl, the electric water pump
100 1s driven by the extremely low flow rate control. In this
extremely low tlow rate control, as illustrated mn FIG. 8,
hunting of the water temperature occurs. In the hunting of
the water temperature, the water temperature repeatedly
rises (increases) and falls (decreases). The reason will be
described as follows.

First, when the electric water pump 100 1s driven 1n the
water stop state, cold cooling water from the outside of the
engine 1 flows into cooling water at a high temperature
inside of the engine 1 (inside of the water jacket 13). At this
time, 1n the case where the flow rate of the electric water
pump 100 1s an extremely low tlow rate, the hunting of the
pump discharge pressure causes variation 1n flow rate of the
cooling water (the cold cooling water) flowing into the
engine 1. Thus, the water temperature inside of the engine 1
repeatedly falls (decreases) and rises (increases) (see FIG.
8). This hunting of the water temperature can also be
recognized by a similar reason to the case of the hunting of
the discharge pressure.

In this example, this point (the hunting phenomenon of
the water temperature) 1s used to determine whether or not
the hunting of the water temperature occurs 1n the extremely
low flow rate control (determined in step ST106 in the
flowchart of FIG. 7) based on the output signal of the water
temperature sensor 3. In the case where the hunting of the
water temperature occurs, 1t 1s determined that the electric
water pump 100 normally rotates as required. On the other
hand, 1n the case where the hunting of the water temperature
does not occur 1n the extremely low flow rate control, it 1s
determined that the electric water pump 100 1s abnormal.
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In the control of this example, the state 1s also switched
from the extremely low flow rate control state to the water
circulation state by the normal flow rate control at the time
the elapsed time At from the start of the extremely low flow
rate control reaches the determination value timel. That 1s,
in the flowchart of FIG. 7, similar processes are performed
except changing the determination process in step ST106.

As described above, the control of this example can also
determine whether or not the electric water pump 100
normally rotates 1n the low rotor rotation range where the
clectromotive force generated at the non-energized phase of
the electric motor 105 1s not detectable. This ensures the
extremely low flow rate control that 1s impossible by the
conventional control. Accordingly, the control for the stop of
the engine cooling system can provide the extremely low
flow rate state between the water stop state and the water
circulation state. As a result, this eflectively reduces heat
shock during the transition from the water stop state to the
water circulation state and maintains a large eflect in fuel
ciliciency.

—Other Embodiments—

The present invention 1s not limited to the electric water
pump used for the engine cooling apparatus with the con-
figuration 1illustrated 1 FIG. 1, and also applicable to the
clectric water pump 1n the engine cooling apparatus with
another configuration.

For example, an engine cooling apparatus (generally
referred to as a dual cooling apparatus) circulates cooling
water through a water jacket (a head-side water jacket) of a
cylinder head and a water jacket (a block-side water jacket)
of a cylinder block in parallel. In this engine cooling
apparatus, supply of the cooling water to the block-side
water jacket 1s stopped (the water 1n the block 1s stopped) at
low temperature. The present invention 1s also applicable to
an electric water pump used 1n this type of engine cooling
apparatus.

INDUSTRIAL APPLICABILITY

The present invention 1s used for control of an electric
water pump that circulates cooling water through an engine
(an 1nternal combustion engine) mounted on a vehicle or
similar.

ERENCE SIGNS

DESCRIPTION OF R

L1
Y

1 engine

11 cylinder block

12 cylinder head

13 water jacket

d water temperature sensor

6 pressure sensor

100 clectric water pump

101a suction port

1015 discharge port

103 impeller

104 rotor shaft

105 electric motor

151 rotor

152 stator

152a stator core

15256 coil

200 cooling water circulation passage
201 radhiator circulating system passage
202 heater circulating system passage

300 ECU
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The 1nvention claimed 1s:

1. A control device for an electric water pump that
circulates cooling water through a cooling system of an
engine, the control device comprising:

a rotation determining unit configured to determine that
the electric water pump rotates as required by detecting
that one of a discharge pressure of the electric water
pump and a water temperature of the cooling water
repeatedly increases and decreases when a rotation
speed of the electric water pump 1s lower than a
minimum detectable rotation speed,

wherein the minimum detectable rotation speed i1s a
minimum rotation speed at which a detectable electro-
motive force 1s generated at a non-energized phase by
rotation of the electric water pump.

2. The control device for the electric water pump accord-

ing to claim 1, wherein

the rotation determination of the electric water pump 1s
performed when a circulation tlow rate of cooling water
by the electric water pump 1s equal to or less than a
predetermined flow rate.

3. The control device for the electric water pump accord-

ing to claim 1, wherein

energization of the electric water pump 1s controlled by
duty control, and the rotation determination of the
clectric water pump 1s performed 1n a case where a duty
ratio of the duty control 1s equal to or less than a
predetermined value.

4. The control device for the electric water pump accord-

ing to claim 1, wherein
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the electric water pump includes (1) a rotor having an
impeller, and (11) a stator having a plurality of phases of
coils disposed at a periphery of the rotor, the electric
water pump being configured to rotate the rotor by
sequentially switching a phase to be energized, among,
the plurality of phases, in the coils of the stator,

when the electric water pump transitions from a stopped
state to a water circulation state, the electric water
pump first enters a low tlow rate state before entering
a normal flow rate state, the low flow rate state being
defined as a state 1n which the rotation speed of the
clectric water pump 1s lower than the minmimum detect-
able rotation speed, and

a time interval for sequentially switching energization of
the plurality of phases during the low flow rate state 1s
set to be longer than a time interval for sequentially
switching energization of the plurality of phases during,
the normal flow rate state, such that the rotation deter-
mination of the electric water pump 1s performed.

5. The control device for the electric water pump accord-

ing to claim 4, wherein
the time interval for switching energization of the plural-
ity of phases 1s set longer to an extent that a phenom-
enon occurs, the phenomenon being one of a discharge
pressure of the electric water pump and a water tem-
perature of the cooling water repeatedly increasing and
decreasing.
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